This chapter presents a general characteristic of sintered tool materials, in particular sintered sialons, nitride ceramics, injection-moulded ceramic-metallic tool materials and cemented carbides and a general characteristic of their surface treatment technology and especially chemical vapour deposition (CVD) and physical vapour deposition (PVD) techniques. The results of our investigations in technology foresight methods concerning the development prospects of surface engineering of sintered tool materials are presented. In the next subsection, we discuss the outcomes of multifaceted research carried out with advanced materials engineering methods, including high-resolution transmission electron microscopy, into the structure and properties of multicomponent, graded and multilayer coatings on the investigated tool materials, including the newly developed injection moulded ceramic-metallic tool materials. Special attention was drawn to a one-dimensional structure of the studied PVD and CVD coatings and its impact on the properties of coatings.
progress in materials engineering. Advanced sintered tool materials, due to the character of their work and complex wear mechanisms to which cutting tool edges are subjected, should satisfy numerous requirements including, in particular, high hardness, high impact strength, resistance to complex wear (adhesive, diffusive, abrasive and thermal wear) and to high temperatures, high compressive strength, stretching, flexing and bending, high fatigue and thermal strength, good conductivity and thermal capacity, cutting edge stability and good ductility [1] [2] [3] [4] [5] [6] [7] [8] . A tool material with universal applications should merge the mentioned properties as far as possible and especially the highest wear resistance and hardness with high strength and good ductility accompanied by chemical inertness towards the workpiece. Despite the intensive development of materials engineering, a tool material has still not been produced which fulfil such requirements due to a fundamental contradiction between such properties as hardness and ductility.
As mentioned in the Introduction section, in general-in the group of sintered tool materialsone can distinguish super hard sintered materials, mixed ceramic and carbide materials, ceramic materials, steels and cermetals, including sintered high speed steels, sintered carbide steels and sintered carbides as well as injection moulded ceramic-metallic tool materials. The properties and intended use of the finished products made of sintered tool materials depend on the phase composition and a content of hard phase particles in sintered tool materials (whether they are present or not) and the chemical composition of a binding material, as well as the material's thermal workability.
Sialon ceramics known as sialon (the name comes from the first letters of the elements it contains, i.e. silicon, aluminium and oxy-nitride) was developed and introduced into production and application in industrial processes by the end of the twentieth century, as a new type of machining materials combining the advantages of oxide and oxide-free materials containing Si 3 N 4 [2, 3] . Sialon, with its chemical composition determined by the formula Si 6-z combines high physical and mechanical properties inherited from Si 3 N 4 ceramics and resistance to chemical activity at a high temperature characteristic for Al 2 O 3 . Up to 60% of Al 2 O 3 dissolves in sialon β', maintaining the hexagonal structure β-Si 3 N 4 . Sialons are most often produced using the method of one-stage reaction sintering of a moulded mixture of silicon nitride with an addition of oxide and aluminium nitride and a sintering additive, usually Y 2 O 3 , which is a source of the liquid phase during sintering. Very pure and fine-grained silicon nitride has to be utilised in this method.
Chemical composition has to be controlled very accurately during the process, as well, because even a small excess of oxygen increases the fraction of the liquid phase in sintering [3, 9] . It is favourable for technological reasons to introduce β′ additives of other oxides, e.g. Y 2 O 3 ,t oa sialon sinter as this reduces vapour pressure and is essential for lowering a melting point of sialon β′. Pressure sintering instead of hot sintering is then feasible. In such case, a relatively low sintering temperature enables to maintain a fine-grained structure and thus to enhance the strength properties of the sinter. This also has an effect on a reduction in oxidisation resistance and supports accelerated decomposition of a solid solution at high temperatures. Glass is formed during cooling from a fluid created in intermolecular spaces during sialon β′ densification with Y 2 O 3 additive at high temperature. When heat treatment of such sinter is carried out again at 1400°C, the reaction of this glass with the β′ sialon matrix takes place again: 
as a result of which a compound, Y 3 Al 5 O 12 , called yttrium-aluminium-garnet (YAG), is created at the grain boundaries. The presence of this compound very effectively improves the resistance of sialon β′ to oxidisation and creeping resistance.
Si 3 N 4 nitride ceramics, due to its high thermomechanical properties, such as resistance to high temperature, low thermal expansion coefficient and high resistance to sudden temperature and chemical environmental changes, is regarded to be one of the most promising materials used in high-temperature processes. They exhibit high resistance to the activity of acids and reducing substances. Tools made of silicon nitride can work at the temperature of approximately 1400°C and maintain their mechanical properties. They are also resistant to corrosion and abrasion and receive thermal shocks very well. Nitride tool ceramics is manufactured by means of powder metallurgy and it is not necessary to melt the main component in a manufacturing process. This process is classical and, therefore, five main stages can be distinguished [3, 10] , i.e. fabrication, preparation of powder, forming of preforms, sintering and finishing.
Si 3 N 4 undergoes partial dissociation during heating above 750°C and sublimation at 2170°C. For this reason, a sintering process of silicon nitride at 1800-1900°C is conducted in glass or metallic capsules in the atmosphere of nitrogen. Sintered Si 3 N 4 tool ceramics is obtained by uniaxial pressing or by hot isostatic pressing (HIP) and reactive sintering. The HIP sintering method consists of placing the sintered Si 3 N 4 mass in a vacuum capsule and subjecting it to isostatic hot pressing. The simultaneous forming, sintering and compression take place; therefore, this method ensures relatively high bending strength and theoretical sinter density [11, 12] . The injection moulded ceramic-metallic tool materials described in this chapter were manufactured in laboratory conditions at a quarter-technical scale. Nevertheless, it was decided to incorporate them due to the expected high development prospects of this manufacturing method and of this group of ceramic-metallic materials. This technology enables to produce relatively small elements with complicated shapes and a developed surface, which in turn is a significant limitation in the application of classical powder metallurgy. The assumptions of this method are described in one of the preceding chapters. In the powder injection moulding (PIM) method [2, [6] [7] [8] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , a mixture of polymer (binder) and powders of inorganic materials is supplied to a cylinder equipped with a worm screw which, when rotating, is moving the heated mixture until the required volume of the fed material is achieved and a polymerpowder slip is sprayed into a moulding die. A brittle preform is subjected to further heating at a small rate and to long annealing for full or partial decarbonisation and then to sintering. Despite its relatively low 4% share in the global market of products manufactured with the PIM technology, the fabrication of advanced tool materials by this method has received considerable interest [2, 3, 15, 21] , as it is a highly profitable technology and forms a basis for obtaining a broad group of universal tool materials that are highly complex, accurate, even considering complex geometrical features, in the form assumed, according to the requirements of the near-net-shape technology without performing finish treatment, e.g. grinding and sharpening before the deposition of coatings.
The mixtures of powders described in this work [5] were used for fabricating the newly established tool ceramic-metallic materials. Such mixtures are the key component of the charge (Table 1) together with slip agents (WS symbols) and were manufactured by Treibacher Industrie AG without a slipping agent (symbol: TC). A mixture of polypropylene and paraffin was used as a binder with some contents of stearic acid used as a surfactant ( Table 1) .
It was found as a result of observations in a scanning electron microscope that ceramic-metallic tool materials have a homogeneous structure with uniformly distributed hard melting carbides in a cobalt or nickel-cobalt matrix without visible precipitations of free graphite and an undesired phase η and without visible microporosity. The structure of composite tool materials of the WS1 and WS2 type is characterised by fine grains of carbides, with the size of 1-3 and 2-4 μm, respectively, arranged in a cobalt matrix. The size of carbide grains in a cobalt-nickel matrix in a WS3 tool material is 0.5-2 μm( Figure 3 ).
It was found based on the examinations of thin foils in an electron microscope that the structure of the investigated WS1 and WS2 tool materials consists of a solid solution of cobalt or cobalt and nickel γ filling the space between WC, TiC, TaC, NbC and VC carbide particles ( Figure 4) . It was also found that the average diameter of the major part of carbide particles is smaller than 2 nm, which clearly classifies the studied WS1 and WS3 carbides to the group of fine-grained materials. It was also stated that numerous crystalline structure defects exist in the structure of hard melting carbides (Figure 4c ).
The sintered carbides of metals are materials commonly used for cutting tools, manufactured by conventional powder metallurgy methods. Sintered carbides are materials consisting of carbides of hard melting metals, mainly W and also Ti, Ta and Nb, with a volume fraction of approximately 65-95% and a binding metal, usually cobalt. Sintered carbides can also be produced in which a binding metal is nickel, molybdenum and iron or their alloys with cobalt. The most often used types of sintered carbides include such used for the machining of materials producing a chipping, long-mainly steel and cast steel, both long and short, short-mainly cast iron, used for plastic working and for abrasion resistant device parts and also for reinforcement of mining tools. Such materials are also discussed in other chapters of the book. Carbide powders in the first stage of sintered carbides' production are usually fabricated by one of the three methods, i.e. multistage, shortened and single-stage method [2, 3, 8] .
The shortened method is applied most often due to the highest efficiency and lowest costs. Sintering is usually done in induction or resistance vacuum furnaces. The single-stage method is used for special purposes-for manufacture of large products and products without pores and also for manufacture of products exposed in service to impact loads and products used for tools for plastic working. Additional densification during hot isostatic pressing at the temperature of 1350-1450°C under the argon pressure of 100-300 MPa has a decisive effect on the higher bending strength of sintered carbides and their higher density.
Sintered carbides' structure is shown in Figure 5 . The following phases may exist in the structure of sintered carbides at room temperature [2, 3] :
• α-sintered particles initiating particles of tungsten carbide WC,
• α 1 -solid secondary solution of cobalt in tungsten carbide WC, uncrystallised during sintering, existing in the form of fine-rounded grains, • α 2 -solid secondary solution of cobalt in tungsten carbide WC, created as a result of crystallisation during sintering, existing as large grains with regular shapes,
• γ-solid solution of tungsten, tantalum and carbon in cobalt,
• β-(Ti,W)C, (Ta,W)C or (Ti,Ta,W)C carbides in the form of chains or ball grains,
• β′-phase β impoverished in tungsten with a higher concentration of titanium or tantalum.
The following phases can be formed in the case of insufficient carbon:
• η-a phase with a complex structure Co 3 W 3 C,
• Θ-a phase with a complex structure Co 3 W 6 C 2 ,
• χ-a phase with a complex structure Co 3 W 10 C 4 ,
Sintered carbides are not subjected to heat treatment as a binding metal is not subjected to phase transformations [2, 3] . Sintered carbides are not suitable for plastic and mechanical working, either, consisting of rolling and milling. They can be, however, polished or ground in or undergo surface treatment consisting of the deposition of abrasion resistance coatings.
General characteristic of surface treatment technologies of sintered tool materials
One of the development directions, undergoing the most intensive growth, of advanced tool materials, including sintered carbides, tool ceramics and tool cermetals, is the deposition of anti-wear coatings, usually nanostructured coatings, onto such materials, mainly in physical vapour deposition (PVD) and chemical vapour deposition (CVD). The possibilities of constituting coatings resulting from the interaction between the fabrication method, the properties and the efficiency of the system produced allow, by matching them appropriately, to fabricate coatings possessing the expected functional properties [1] [2] [3] .
The research topics concerning the fabrication of coatings with good mechanical properties and high abrasive wear resistance, including PVD and CVD, represent one of the most essential directions of surface engineering development [1] [2] [3] [26] [27] [28] [29] [30] . Enhanced operational properties are very frequently achieved for commonly applied materials by depositing simple monolayer, single-component coatings with PVD methods. When selecting a coating material, a constraint is encountered resulting from the fact that many properties expected from an ideal coating cannot be achieved at the same time. For instance, improved hardness and strength are reduced ductility and substrate adhesion of a coating. Coatings with different properties were bonded together for this reason, with each of them performing a relevant task aimed at achieving continuous or graded coatings with possibly most desired properties in a specific application. Graded coatings are deposited by changing gradually or continuously one or several components in the direction from the substrate to the outer surface. They represent a modern group of coatings achieved by PVD [1-3, 26, 29] . The layers or zones of the coating being produced should ensure, depending on their location, the desired properties and-by creating transition zones-guarantee transition between the properties that often vary. The layer closest to the material being coated generally ensures best adhesion to the substrate while the outer layer ensures adequate hardness, strength, tribological and anticorrosive properties. When coatings are fabricated in which chemical composition changes gradually from the substrate to the surface, it is possible to apply such coatings as anticorrosive coatings and also for structural parts, in particular for turbines and implants and surgical and dental implantscaffolds [31] [32] [33] [34] [35] [36] [37] [38] .
A technological trend observed for many years in the field of tools production, not only cutting tools, is the deposition of anti-wear coatings onto tool materials, including those achieved by PVD and CVD and also with other advanced technologies. Numerous research studies in the recent years, including own studies [5, [26] [27] [28] [29] [30] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , concerning deposition using coatings resistant to the wear of tool ceramics, have verified the existing stance that it is unsubstantiated to coat tool ceramics due to their high hardness. It has been demonstrated that it is clearly reasonable to coat such tools as, first of all, the life of tools' cutting edges is enhanced by decreasing the heat emitted while cutting, by reducing a friction force on the flank surface and, secondly, it was noted that coatings, by covering pores on the surface of tool ceramics, eliminate places where fractures occur and moreover, they delay the diffusion wear process. By resolving such a research problem, it is also possible to improve the efficiency and quality of machining, while reducing its energy consumption and material consumption, which is a prerequisite for ensuring competition in the conditions of free market economy. If the surface machining technology of tool materials is employed, including PVD and CVD methods, to attain graded layers with high wear resistance, also at high temperatures, the properties of such materials in machining conditions can be enhanced, among others by lowering the friction factor, ameliorating microhardness, improving conditions of tribological contact within the contact area of the tool-workpiece; adhesion and diffusion wear and oxidisation can also be prevented. If such properties are found, an optimum field of applications can identified for the ceramic materials of a substrate and for the studied multiphase and graded layers. Furthermore, a correlation can be determined between the results of laboratory investigations and the wear identified as a result of technological cutting tests.
Own investigations of development perspectives of surface engineering of sintered tool materials
Having regard to the main development directions aimed at the improvement of sintered tool materials, apart from searching completely new materials and improving the chemical composition of the existing materials, surface treatment should be mentioned to improve their properties [52] [53] [54] . Clients expect that advanced sintered tool materials should have a wide group of properties determining their functional characteristics, as mentioned in the above subsection. The purpose of advanced technologies for the formation of the structure and properties of surface tool materials is to reach the optimum combination of the expected properties for a specific material and a product made of it.
Scientific methods were applied in the framework of the own foresight research performedwhich also utilised the production process optimisation methods-in order to determine the strategic development directions of technologies, the recognition and implementation of which is to contribute towards the greatest economic and social benefits of knowledge-and innovation-based economy [55, 56] . Over 500 detailed technologies of structure and surface properties formation of engineering materials were considered in the implemented project concerning the development trends of engineering materials and biomaterials, in which approximately 500 scientists from many countries of the world participated. All the analysed technologies were grouped into 14 thematic areas (P1-P7 and M1-M7) and 10 critical technologies-considered to be a priority with the best development prospects and/or of crucial importance for the industry over the next 20 years-were chosen for each of the selected areas. The considered thematic areas encompass four areas pertaining to the treatment technologies of sintered tool materials: (1) P4: surface engineering of tool materials; (2) M2: physical vapour deposition technologies (PVD); (3) M3: chemical vapour deposition technologies (CVD); (4) M6: technologies of nanostructural surface layers [52, 53] .
The best critical technologies concerning the surface treatment of sintered tool materials were presented graphically with a technology strategy matrix ( Figure 6) . A universal scale of relative states consisting of 10 scores was used to evaluate individual technologies for their value and environment influence intensity. According to the scale, which is a single-pole positive scale without zero, the lowest possible score is 1 and the highest score is 10. A 16-field matrix of strategies for technologies, indicating a long-term procedure for a given technology, derives from a four-field dendrological matrix of technology value and a four-field meteorological matrix of environment influence [52] .
The dendrological matrix presents graphically expert evaluation results of the individual technologies for their potential, representing an objective value of the given technology and their attractiveness, reflecting the subjective perception of the given technology by its potential users. The best quarter of the dendrological matrix is a wide-stretching oak to which technologies are assigned having high potential and attractiveness. If a technology is placed in a quarter rooted dwarf mountain pine, with a high potential and limited attractiveness, or in a quarter soaring cypress, with high attractiveness and limited potential, this means that a market success is possible in advantageous market conditions. A quaking aspen is a quarter with poor perspectives, though, to which technologies are assigned having a low potential and low attractiveness.
The meteorological matrix presents graphically the effect of positive and negative factors on the technologies, called opportunities and difficulties, respectively. In the best variant, called sunny spring, many positive stimuli come from the environment having influence on the technologies and difficulties are small. Peaceful and sustainable development of technologies is also possible as it is impacted by numerous positive and negative factors, which takes place when technologies are in the quarter rainy autumn. A quarter called hot summer corresponds to a risky environment bringing many opportunities and risks for technologies. The worst possible variant, in which many difficulties exist affecting the technologies adversely, accompanied by scarce opportunities, is called the quarter frosty winter.
An analysis carried out according to the results of foresight research, presented graphically using matrices called contextual matrices-due to graphical references to the commonly Figure 6 . Matrix of strategies for technologies in general form.
Powder Metallurgy -Fundamentals and Case Studiesknown objects and phenomena-allowed to determine the strategic position of the critical technologies of surface engineering of sintered tool materials. The most promising technologies are presented in Table 2 . They are characterised by high attractiveness and potential and environmental conditions are very helpful here, which is manifested by numerous opportunities and a small number of external difficulties. They are placed in the best 16 matrices of strategies for technologies called oak in spring, as shown in Figure 7 . For such technologies, a winning strategy should be applied, consisting of developing, strengthening and implementing an attractive technology with a high potential in industrial practise while taking advantage of favourable environmental conditions in order to achieve a spectacular success.
The results of expert opinions presented in contextual matrices derive from the statistical surveys presented as a bar chart ( Figure 8 ). As part of such heuristic research, the experts identified the forecast development trends of given technologies against the analysed thematic areas, by predicting whether the importance of particular groups of technologies in the nearest 20 years will be growing, maintaining at the same level or declining. In all the charts, grey bars correspond to, in per cents, the predicted growth of importance of a given technology group, light grey-stabilisation at the existing level and dark-a declining importance of the technology group against other technology groups of a given thematic area.
The presented results of foresight research indicate that PVD and CVD methods play a crucial role in the group of numerous surface treatment technologies applicable with respect to sintered tool materials. The most promising PVD methods include cathodic arc evaporation (CAD) and reactive magnetron sputtering (RMS). With respect to CVD methods, the best development prospects are seen for methods using plasma for assistance (PACVD/PECVD), metalorganic precursors (MOCVD) and laser (LCVD). If nanometric surface layers have to be deposited onto sintered tool materials, it is the experts' opinion that it is most advantageous to employ PVD methods with ion beam assisted deposition (IBAD) or electron beam physical vapour deposition (EB-PVD) [52] [53] [54] . The outcomes of the analyses performed may be a basis for studies aimed at the industrial implementation of the mentioned critical technologies, for example in production of cutting tools made of sintered materials, which undoubtedly provides an opportunity to improve the functional properties of the analysed group of tool materials.
Investigations into the structure of multicomponent coatings on the investigated sintered tool materials
The subchapter below is summarising and generalising the results of own investigations, pursued over the last decade, into the structure of sintered sialons, nitride ceramics, injection moulded ceramic-metallic tool materials and cemented carbides onto which wear resistant coatings are deposited. The methodology and detailed results of particular investigations of mechanical and functional properties of sintered tool materials with PVD and CVD coatings are presented in the own works published earlier [5, [26] [27] [28] [29] [30] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . The scientific aim of this paper is to present investigations into the structure and properties and to identify wear mechanisms for tools fabricated from the investigated sintered tool materials, which-to some extent-are newly created with newly developed nanocrystalline multiphase and graded coatings applied by PVD with cathodic arc evaporation techniques, as well as by a high-temperature CVD process, with the intention to improve the cutting properties of the investigated materials by considerably improving the life of the tool cutting edge. (1) and Ti(C,N) (2) coatings, the presence of titanium carbonitride was confirmed and in the case of (Al,Ti)N and (Al,Cr)N coatings, a diffraction analysis showed the presence of the AlN phase with a hexagonal lattice in the both coatings and of TiN and CrN phases, respectively. Moreover, the presence of reflexes from the substrate was determined in some cases, which is due to the fact that the thickness of the coatings is smaller than the penetration depth of X-ray beams inside the tested material.
The results of an X-ray qualitative phase analysis performed with Bragga-Brentano geometry of surface coatings of (Cr,Al,Si)N and (Al,Ti,Si)N type deposited onto ceramic-metallic tool materials ( Figure 9 ) point out, as assumed, that coatings were produced on the surface of the investigated sintered carbides containing AlN and CrN phases. It is not possible to differentiate between AlN and (Al,Ti,Si)N, CrN and (Cr,Al,Si)N phases with diffraction methods because the phases are isomorphic, as, in fact, both (Al,Ti,Si)N and (Cr,Al,Si)N are secondary solid solutions based on chromium nitride CrN and aluminium nitride AlN, respectively.
It was found based on the analyses undertaken that a concentric intensity distribution of pole figures, varying along the axis of such figures, indicates the presence of a constituent axial texture It was established through a GDOES analysis that a concentration of the elements forming part of the substrate is growing in a bonding zone from the surface of coatings with a reduction, at the same time, in a concentration of the elements forming part of the coating ( Figure 11 ). This fact may be linked to the presence of a transition zone of a diffusive character between the substrate material and the coating, as suggested by the authors in earlier studies [1, 5, [57] [58] [59] . It cannot be precluded, however, that uneven evaporation of the material is possible at the same time from the surface of the specimens during an examination in a glow discharge spectrometer. The existence of a transition layer should be associated with the higher desorption of the substrate surface and with the formation of defects in a substrate as well as with the mixing of elements in a bonding zone due to the activity of high-energy ions. The existence of diffusive transition layers is supportive to the good adhesion of coatings to the substrate.
A profile analysis of chemical composition in the function of distance from the surface with the deposited (Cr,Al,Si)N and (Al,Ti,Si)N coatings on a substrate made of the investigated ceramic-metallic tool materials, as well as variations in a concentration of particular elements in a transition zone between such layers and a substrate material from the investigated ceramic-metallic tool materials were evaluated based on tests with a GDOS-850 glow discharge optical spectrometer ( Figure 12 ). The character of variations in the substrate-coating bonding zone and between particular layers also confirms that transition layers exist here having the diffusive nature, as it was indicated earlier with respect to the other examined substrate materials.
An analysis of the chemical state of elements and of variations in a chemical concentration of components of (Cr,Al,Si)N and (Al,Ti,Si)N-type layers on a substrate made of the investigated ceramic-metallic tool materials was performed using the X-ray photoelectron spectroscopy (XPS) and auger electron spectroscopy (AES) technique ( Figure 12 ). Photoelectric lines on an XPS spectrum obtained from a (Cr,Al,Si)N coating deposited onto a WS3 ceramic-metallic tool material, which are situated near the energy of 670.8 and 683.5 eV, derive from a 3d band of xenon atoms' electrons produced from the process of surface cleaning and are needed to create It was confirmed with X-ray diffraction methods and was described further in this chapter that multilayer Ti(C,N)+Al 2 O 3 +TiN and Ti(C,N)+TiN-type coatings fabricated with the CVD method in the coating-substrate interphase zone have a thin layer of a fine-grained TiC phase. Furthermore, a Ti(C,N) layer in CVD coatings is characterised by a structure changing in a gradient manner from a fine-grained structure near the substrate gradually transiting to a column structure. An Al 2 O 3 layer exhibits a structure similar to a column structure. A top TiN layer in CVD coatings is very thin, thus preventing from determining its structure. A column structure of particular layers is also clearly visible in the case of two-layer Ti(C,N)+TiN and TiC+TiN coatings obtained on Si 3 N 4 ceramics [60, 61] . according to Thornton's model [63] ). For a Ti(C,N)+(Ti,Al)N coating, the Ti(C,N) layer lying closer to the substrate and covering the two-third of the entire coating's thickness does not possess a column structure, but rather a fine-grained structure corresponding to the zone T according to Thornton's model. On the other hand, the (Ti,Al)N layer possesses a compact column structure classified as the transition zone between the zone T and zone II according to Thornton's model [63] (Figure 13 ).
The surface morphology of the coatings produced with the PVD technique is characterised by a high inhomogeneity because numerous droplet-shaped particles are present. The occurrence of such morphological defects is connected with the essence of the cathodic arc evaporation process. The size of such particles ranges between the tenths of a micrometer to a dozen or so micrometers. The presence of depressions was also discovered, which are formed, most probably, by solidified droplets being ejected after the end of the PVD process.
For the coatings applied with the CVD method onto a substrate made of sintered carbides and tool ceramics, heterogeneity is seen in surface morphology related to the presence of multiple pores and networks of microcracks characteristic for such a process (Figure 13c) . However, when an Al 2 O 3 layer is situated on the substrate surface, or if this layer is in the u n d e r -t h e -s u r f a c ez o n e( t h et o pT i Nl a y e ri sv ery thin), then the particles are needle-like or angularly shaped [60] .
The observations of the surface morphology of (Cr,Al,Si)N and (Al,Ti,Si)N-type coatings on a substrate made of the investigated ceramic-metallic tool materials in a scanning electron microscope, in a microscope of atomic forces and in a confocal scanning microscope exhibit inhomogeneities connected with the occurrence of solidified microdroplets on the coating surface, characteristic for cathodic arc evaporation ( Figure 14) . Apart from droplets with a varied size of 1-5 µm, the agglomerates of particles with an elongated shape also exist, as well as depressions formed due to their ejection after finishing coating deposition. The examinations of chemical composition of microparticles, performed with an EDS spectrometer, indicate that Cr or Al prevails on their surface, which implies that these are metal droplets released from a disc, which solidify on the substrate surface. On the basis of investigations performed with an electron transmission microscope, (Cr,Al,Si) N and (Al,Ti,Si)N coatings were characterised, deposited onto a tool ceramic-metallic material, fabricated with the cathode arc evaporation (CAD) method with lateral arc rotating cathodes, composed of several layers and transition zones were investigated between the substrate as well as between the individual layers in the transmission mode and scanning-transmission mode, with BF and HAADF detectors ( Figure 15 ). It was concluded based on the tests of thin foils from the cross section that they have a nanocrystalline and nanocomposite structure within the entire volume and they do not show discontinuities, cracks and porosity and have high homogeneity and a compact structure. The existence of several layers in nitride coatings was identified, both, based on Cr, Al and Si, as well as Al, Ti Si, exhibiting a varying thickness and chemical composition depending on the distance from the substrate. A layer deposited directly onto the near-the-core TiN layer shows a gradient character with a linearly decreasing concentration of Ti, accompanied by a heightening concentration of Al (Figure 16a ) and the successive eight layers are characterised by a variable concentration of, respectively, Cr or Ti and Al (Figure 16b ).
The HRTEM examinations of layers with a high concentration of Al prove the existence of nanograins with a differentiated orientation of planes showing the presence of long-range order typical in crystalline materials between which areas with a smaller degree of order were identified. Structural observations and diffraction images using imaging in the HRTEM mode and the corresponding Fourier FFT transforms ( Figure 17 ) confirm that the fabricated nitride coatings based on Al, Ti, Cr, Si exhibit a nanocrystalline and nanocomposite structure.
Profile and surface analyses of chemical composition variations performed with a high-resolution electron transmission microscope confirming the existence of transition layers between the substrate and coating and between individual layers with a varied concentration of Al and Ti may signify the existence of diffusive transition areas and thus contribute to the high adhesion of substrates produced with the cathodic arc evaporation method. 
Investigations into the properties of multicomponent coatings on the investigated sintered tool materials
The development directions of advanced tool materials, including sintered carbides, tool cermetals, tool ceramics and among others covered with anti-wear coatings, are pre-conditioning, to a high degree, improvements in the quality and efficiency of production. Enhanced operational properties are very frequently achieved for the commonly applied sintered tool materials by the deposition of coatings with PVD and CVD methods and not only simple monolayer or single-component coatings, but also complex multicomponent layers combining coatings with different properties, with each of them performing a relevant task and preferably continuous or graded coatings, with a gradual or continuous change of one or several components in the direction from the substrate to the outer surface, achieved in particular by PVD. The expected functional properties are achievable by selecting appropriately the substrate of indexable inserts and multicomponent coatings, also on sintered carbides and nitride and sialon ceramics. Their expected mechanical and operational properties can be ensured by forming the appropriate structure of coatings (presented in the previous chapter).
The thickness of the examined PVD coatings obtained on sintered carbides and nitride and sialon tool ceramics spans between 1.3 and 5.0 µm, while the thickness of CVD coatings between 2.8 and 10.0 µm. It was found as a consequence of the examinations performed that both PVD and CVD coatings on sintered carbides show a higher thickness than for substrates of the same type on a tool ceramics substrate. The exception are (Ti,Al)N and (Al,Cr)N coatings here, having a higher thickness on a sialon substrate. (Cr,Al,Si)N and (Al,Ti,Si)N coatings deposited onto ceramic-metallic tool materials are between 2.5 and 3 μm thick ( Table 3 ).
The hardness of the sintered tool materials differs between 1826 HV for sintered carbides and 1850 HV for nitride ceramics and 2035 HV for sialon ceramics. The surface microhardness of the examined tool materials is greatly enhanced by depositing PVD and CVD coatings. The highest hardness is seen for multicomponent (Al,Ti)N coatings, TiN+multi(Ti,Al,Si)N+TiN multilayer coatings obtained by PVD, which accounts for nearly 100% growth in surface layer hardness in relation to the hardness of the uncoated material. The hardness of the examined coating systems is conditioning their abrasive wear, as seen most clearly for the TiN+Al 2 O 3 coating-the hardest of the CVD coatings, thus contributing to the lower wear intensity of a tool cutting edge in cutting. To summarise, high abrasion resistance as well as good cutting properties of the tested tool ceramics with PVD and CVD coatings deposited are stemming from increased microhardness ( Table 3) .
It was pointed out in roughness examinations that the smallest value of the parameter R a = 0.6 μm is seen for those surfaces of the examined sintered tool materials with no coating deposited. Following the deposition of PVD and CVD coatings onto the investigated substrates, the surface layer roughness increases and ranges R a = 0.13-0.82 μm( Table 3) . The increased surface roughness of the coatings deposited, in particular in the case of coatings obtained in a PVD process, should be associated with the character of the PVD cathodic arc evaporation process, as confirmed in morphological tests in a scanning electron microscope. The lowest value of the parameter R a = 0.079 μm of ceramic-metallic tool materials is seen for the surface of the WS3 material without a coating deposited. The roughness of WS1 and WS2 materials without coatings deposited is R a = 0.082 and R a = 0.103 μm, respectively. The results confirm that the deposition of (Cr,Al,Si)N and (Al,Ti,Si)N coatings applied onto substrates made of tool materials increases surface layer roughness and ranges R a = 0.091-0.186 μm. The critical load value Lc measuring the adhesion of PVD and CVD coatings to a substrate made of sintered carbides and nitride and sialon tool ceramics was determined in a scratch test. The critical load was determined as such corresponding to an increase in acoustic emission indicating the beginning of coating chipping and verification was made by measuring the friction force (F t ) of a diamond indenter and through metallographic observations in a light microscope connected to a measuring instrument. The critical load value Lc (AE) for PVD coatings is between 13 and 131 N and for CVD coatings-between 15 and 110 N ( Table 3 ). In the case of coatings deposited by the PVD method on sintered carbides, the best substrate adhesion is exhibited by (Ti,Al)N coatings, for which a critical load value Lc = 109 N, whereas the weakest substrate adhesion is seen for the Ti (B,N) coatings, where Lc = 34 N. The coatings deposited by the CVD method onto a substrate Table 3) . The very good adhesion of PVD coatings, especially to a substrate made of sintered carbides and newly created ceramic-metallic tool materials and of CVD coatings to a substrate made of tool ceramics, stems from the fact that transition zones exist created at the substrate-coating boundary and at the boundary between two layers, as confirmed by tests with a transmission electron microscope and in a glow discharge spectrometer GDOES presented in the previous chapter. Coating damages formed as a result of adhesion tests with the scratch method were identified on the basis of observations in a scanning electron microscope. It was discovered subsequently to the observations that damages to PVD and CDV coatings are of the abrasive wear nature and are also characterised by a high number of single-or double-sided coating cracks at the scratch peripheries and by a delamination inside the scratch leading to coating delamination at the interface with the scratch. An increasing load during a scratch test is leading to intensified cracks at the scratch peripheries, causing a partial coating delamination. The periodical chipping of coatings also occurs (Figure 18a ). CrAlSiN coatings deposited onto tool ceramicmetallic materials possess better substrate adhesion than AlTiSiN coatings. In the case of CrAlSiN coatings, the conformal fractures caused by stretching exist in the zone of first damages, changing into small flakings situated on the scratch bottom and peripheries and flakings and small arc chippings exist at the central zone of the scratch. Intensified conformal fractures, delamination and partial coating fragmentation take place on the scratch bottom as a load are increasing and single peripheral damages combine, thus forming local coating delamination An abrasion strength test with the pin-on-disc method was undertaken to determine fully the functional and operational characteristic of the investigated PVD and CVD coatings deposited onto a substrate of the selected sintered materials. The tests carried out show that the coatings deposited by CVD have worse tribological properties as compared to coatings deposited with the PVD technology. Coating damages to the substrate material zone occur in almost all the cases of the examined coatings. Damages to such coatings are accompanied by lost adhesion. The most frequent coating wear mechanisms are chippings and flaking as well as partial delamination (Figure 18b and c) . An abrasive wear resistance test under dry slide friction conditions with the ball-on-plate method at room temperature was performed to determine the tribological properties of the examined coatings deposited on ceramic-metallic tool materials. It was stated by analysing the profiles of wear tracks formed after a tribological wear (after the distance of 500 m) that the maximum depths of wear are smaller than the thickness of a CrAlSiN, as well as an AlTiSiN layer, signifying that have not been fully worn. It can be concluded by analysing a field area of a wear track section of coatings and substrates that a CrAlSiN coating has the lowest wear index. An AlTiSiN coating has a larger field area of the wear track section and a higher wear index versus a CrAlSiN coating. The highest wear index is seen for a substrate made of WS3 tool materials.
The service life of the examined sintered tool materials was identified based on technological cutting tests. It was found as a result of cutting ability tests that the highest service life of T =72 min was achieved for a cutting edge coated with an (Al,Ti)N coating, while the lowest life of T = 5 min on the same substrate is exhibited by Ti(B,N) and Ti(C,N) (1) coatings. The life of an uncoated cutting edge made of sialon ceramics was estimated at T = 11 min, which allows to confirm that (Al,Ti)N, (Al,Cr)N and Ti(C,N)+TiN coatings contribute to the enhanced life of a sialon cutting edge. A (Ti,Al)N coating has the greatest effect on the cutting edge life of T =60 min for sintered carbide plates and slightly lower of T = 55 and 53 min, respectively, for (Al,Ti) N and Ti(C,N)(2) coatings. In the case of sintered carbides, all coatings increase the cutting edge life because the durability of an uncoated tool is T = 2 min, whilst the durability of plates with the lowest cutting ability with (Ti,Zr)N and Ti(C,N)(1) coatings is T = 13 min. A clear antiwear impact of the presence of the combined Al 2 O 3 +TiN and TiN+Al 2 O 3 coatings on the life of the inserts was found as a result of the grey cast iron rolling tests made with Si 3 N 4 tool ceramics. A broad cutting edge durability range depending on the type of the applied coating was attained both for coated sintered carbides and coated tool nitride and sialon ceramics ( Table 3 ). The hardness of ceramic-metallic tool materials as a substrate in a surface zone ranges between 1497 and 1711 HV0.1. After the deposition of CrAlSiN, AlTiSiN coatings on the examined WS1, WS2, WS3 ceramic-metallic tool materials, microhardness is growing substantially in the near-the-surface zone as compared to an uncoated substrate ( Table 3) . Dependence between substrate hardness and hardness of the deposited coating was not found.
Where nanocrystalline, nanocomposite anti-wear coatings of CrAlSiN and AlTiSiN types are deposited onto tool materials, microhardness is growing substantially in the near-the-surface zone and-in connection with high substrate adhesion-contributes to lower wear intensity of cutting tools made from such materials, as was confirmed in the operational examinations. It was found as a result of metallographic observations in a scanning electron microscope for the examined indexable inserts that the tools subjected to a cutting test indicate wear according to the abrasion and adhesion mechanism.
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